Abstract: To study rolling of mouse neutrophils on P-and E-selectins in whole blood and without cell isolation, we constructed an autoperfused flow chamber made from rectangular microslides (0.2؋2 mm) perfused from a carotid artery catheter. A differential pressure transducer served to measure wall shear stress. Green fluorescent neutrophils rolled on P-selectin but not E-selectin coated at 50 ng/ml, with some rolling on E-selectin at 150 ng/ml. However, when P-and E-selectins were coimmobilized, the resulting number of rolling neutrophils was sixfold and fourfold higher than on P-or E-selectin alone. Velocity and flux analysis shows that P-selectin initiates neutrophil rolling, and a small amount of E-selectin, unable to capture many neutrophils, reduces the rolling velocity of all neutrophils by more than 90%. The unexpected synergism between E-and P-selectins explains why neutrophil recruitment is enhanced when both selectins are expressed. J. Leukoc. Biol. 75: 000 -000; 2004.
INTRODUCTION
Leukocyte recruitment begins through adhesive interactions between leukocytes and the endothelium, which mediate the capture of free-flowing leukocytes from the blood, leukocyte rolling along the endothelium, and firm arrest on and transmigration through the endothelium [1] .
Although intravital microscopy is a powerful tool for the study of leukocyte rolling in vivo, the rolling environment in venules is complex. Wall shear stress in venules varies with volume flow rate, tube hematocrit, and diameter and changes along the venular tree, as vessel diameter and volume flow rate change. In addition, the endothelium is lined with an endothelial surface layer, and there is increasing evidence that this layer retards the flow of plasma [2] and limits the accessibility of adhesion molecules [3] . Numerous adhesion molecules are expressed on the endothelium at variable site densities along the length of the vessel and alter rolling velocity or adhesion dynamics locally [4, 5] .
As a result of the complexity of leukocyte rolling on native endothelium in vivo, flow chamber systems have been particularly useful in the elucidation of numerous aspects of leukocyte rolling and adhesion, including the need for selectins in the capture of neutrophils from free flow and the subsequent requirement for integrins in firm adhesion of neutrophils [6] , the ability of ␣ 4 integrins to initiate lymphocyte tethering and rolling in the absence of selectins [7] , the shear threshold for selectin-mediated rolling [8, 9] , and the role of chemokines in leukocyte arrest [10, 11] .
To our knowledge, parallel plate-flow chambers were used as early as 1912 for numerous tissue-culture applications [12, 13] . Since the flow chamber was first used to study selectinand integrin-mediated leukocyte rolling and adhesion in 1987 [14] , numerous design modifications have been described. These modifications include a chamber with a linear variation in shear stress from the entrance to the exit [15] , a chamber perfused with pulsatile flow [16] , a side-view flow chamber [17] , and a cylindrical flow chamber, allowing lateral visualization of leukocytes flowing in whole blood [18] . A novel flow chamber was also described that allowed visualization of platelet deposition ex vivo; the flow chamber was coupled directly to the carotid artery of a heparinized pig [19] . A flow chamber perfused with whole blood [20] or coupled to an animal ex vivo [19] would not require leukocyte subset isolation. Isolation procedures are known to activate neutrophils, resulting in increased expression of Mac-1 integrins and decreased expression of L-selectin [21] [22] [23] .
Despite the important contributions flow chambers have made to the field of leukocyte rolling and adhesion, current limitations include the large dead volume of fluid, ϳ1500 l, and the high cell cost necessary to perform an experiment. A popular, commercially available system (GlycoTech, Rockville, MD) reduced the dead volume to ϳ225 l [24] , but the requirement to isolate large numbers of cells still limits the use of flow chambers for rare leukocyte populations such as eosinophils or isolated leukocytes from species such as the mouse. A recently published negative, immunomagnetic isolation protocol yields ϳ0.5 ϫ 10 6 neutrophils/ml whole mouse blood [25] . For an experiment requiring 1 ϫ 10 6 isolated neutrophils/ml perfusion media and a best-case yield of 1.5 ml whole blood/mouse, perfusion at 1.0 ml/min (ϳ0.5 dyn/cm 2 ) for 10 min through a GlycoTech flow chamber would require the sacrifice of at least six mice, which probably explains the absence of flow-chamber studies conducted with mouse leukocytes. Gene-targeted deletion of adhesion molecules offers ideal conditions to study adhesive interactions between distinct pairs/groups of adhesion molecules. In addition, transgenic mice have been generated, which express enhanced green fluorescent protein (GFP) in neutrophils using the endogenous lysozyme M promoter [26] , allowing visualization of neutrophils by epifluorescence microscopy.
To extend the application of flow-chamber technology to the mouse, we developed a microflow-chamber system with an autoperfused, extracorporal, arteriovenous circuit and used it to investigate possible synergistic effects between P-and E-selectins. A commercially available chamber was chosen based on its low cost and history of leukocyte rolling studies [20] . P-selectin is expressed in endothelial cells and platelets, rapidly up-regulated, and binds to P-selectin glycoprotein ligand-1 (PSGL-1). E-selectin is expressed by endothelial cells and binds to PSGL-1 and other ligands. E-selectin is not efficient at capturing cells from free flow [27, 28] but mediates slow leukocyte rolling in vivo [29] . It is interesting that there is no evidence for a major difference in molecular off-rate between P-and E-selectins [30] . It is known that P-and E-selectins must be blocked to profoundly reduce neutrophil recruitment [31, 32] , suggesting overlapping functions. Possible synergistic functions of E-and P-selectins have not been investigated so far, but the strikingly different phenotype of Eversus P-selectin versus E/P double-knockout mice suggests that such interactions may exist.
Here, we use a novel, autoperfused flow chamber to test the hypothesis that efficient neutrophil capture by P-selectin and slow rolling through E-selectin synergize to enhance the accumulation of rolling neutrophils observed on either selectin alone.
MATERIALS AND METHODS

Animals
C57Bl/6 mice and transgenic mice, in which the enhanced GFP gene was knocked into the murine lysozyme M (lys) locus [26] , back-crossed to Bl/6 for at least 10 generations (kind gift of Dr. Thomas H. Graf, Albert Einstein College of Medicine, Bronx, NY), were housed in a barrier facility under specific, pathogen-free conditions. The Animal Care and Use Committee of the University of Virginia (Charlottesville) approved all animal experiments. Mice were anesthetized and placed on a 38ºC heating pad [2] . The trachea was intubated using polyethylene (PE)90 tubing [inner diameter (ID), 0.86 mm; outer diameter (OD), 1.27 mm; Becton Dickinson, San Jose, CA]. The left jugular vein and left carotid artery were cannulated using PE10 (ID, 0.28 mm; OD, 0.61 mm) or PE50 tubing (ID, 0.58 mm; OD, 0.965 mm), depending on the wall shear-stress regime desired in the flow chamber (see below). For carotid artery cannulation with PE50 tubing, the cannula had to be drawn to reduce the diameter at the tip. This was limited to a short section (typically, Ͻ0.5 cm) to limit pressure drop in the tubing.
Recombinant proteins and antibodies
Recombinant murine P-and E-selectins/Fc (150 ng/ml, R&D Systems, Minneapolis, MN) bind leukocytes under static and dynamic conditions [33] . Blocking monoclonal antibody (mAb) RB40.34 [rat immunoglobulin G1 (IgG1), 30 g/mouse; ref. 34 ] against P-selectin was kindly provided by Dr. D. Vestweber (University of Mü nster, Germany). E-selectin-blocking mAb 9A9 (rat IgG1, 30 g/mouse; ref. [35] ) blocks E-selectin-dependent rolling in vivo and in vitro and was kindly provided by Dr. Barry Wolitzky (MitoKor, San Diego, CA).
Flow cytometry
Heparinized blood was collected from individual mice for determination of GFP expression on different subsets. Red blood cells were lysed using 0.834% NH 4 Cl, and white blood cells (WBC) were washed twice with phosphatebuffered saline (PBS)-CMF and incubated with mAb RB66-8C5-allophycocyanin (APC) (Gr-1), M1/70 -phycoerythrin (PE; CD11b), and rat IgG 2b -APC and -PE (BD Biosciences, San Diego, CA) for 20 min at 4°C in staining buffer (0.3% bovine serum albumin, 0.2% NaN 3 in PBS-CMF), washed twice, resuspended in staining buffer containing 2% formaldehyde, and analyzed the following day. Flow cytometry was performed on a FACSCalibur (Becton Dickinson) and analyzed using WinMDI software (Joseph Trotter, Scripps Institute, La Jolla, CA). Peripheral blood neutrophils were characterized by forward-scatter, side-scatter, and expression of GR-1 high /CD11b inter [36] . Most neutrophils in blood were GFP-positive (95%Ϯ1%, nϭ6) and expressed very high GFP levels (data not shown). Most monocytes (Gr1 inter /CD11b high ) expressed GFP at low levels (data not shown). GFP expression was found on a small fraction of Gr-1 -cells as well, consistent with a previous report [26] .
Chamber assembly
Rectangular glass capillaries (0.2ϫ2 mm, VitroCom, Mountain Lakes, NJ) were cut into chambers of various lengths using a capillary cutting stone (Hampton Research, Aliso Viejo, CA). Flow chambers were first connected to a 1-cm piece of silastic tubing (ID, 1.45 mm; OD, 1.96 mm; Dow Corning, Midland, MI) into which two PE50 tubes or one PE50 tube and one PE100 tube (ID, 0.86 mm; OD, 1.52 mm) of lengths 5 and 20 cm, respectively, were inserted. These two tubing combinations were chosen to produce low (two PE50 tubes) or high (one PE50 and one PE100) wall shear-stress regimes. For ex vivo microscopy experiments, recombinant murine P-and/or E-selectins/Fc (R&D Systems) were introduced into the chamber's free end via capillary action. The free end was then inserted into a second piece of silastic tubing into which two PE50 tubes or one PE50 tube and one PE100 tube were inserted, and all joints were sealed with two-part epoxy resin (Loctite, Manco Inc., Avon, OH). Adhesion molecules were coated for 2 h at room temperature, followed by Tween 20 (0.5% in PBS) for 1 h at room temperature to block nonspecific adhesion [37] .
Pressure-transducer calibration
For differential pressure-transducer calibration, a wet/wet low differential pressure transmitter model PX154-003DI (Omega Engineering, Stamford, CT), with the analog output in milliamperes (mA) read on a model DP24-E economical process meter (Omega Engineering), was connected to a water manometer with the low-pressure end open to the atmosphere. Large-diameter, clear, polyvinyl-chloride tubing (ID, 6.35 mm; OD, 7.94 mm; Fisher Scientific, Pittsburgh, PA), which limits hysteresis, was connected to an air-filled syringe with a three-way stopcock (Medex, Hilliard, OH) used to incrementally manipulate pressure head across the transducer. To determine pressure drop during whole mouse blood perfusion, the flow chamber was perfused with heparinized (10 U/ml) whole mouse blood obtained via heart puncture (nϭ4 mice; hematocrit, 34 -40%) using a syringe pump (model 22, Harvard Apparatus, Holliston, MA) at defined volume flow rates. For plasma perfusion, whole mouse blood was centrifuged at 600 g for 10 min, and the plasma was transferred to a fresh tube. Plasma viscosity was measured at room temperature using a Cannon-Manning semi-micro viscometer (Cannon Instrument Co., State College, PA), and blood hematocrit was measured using a Hemavet 850 (CDC Technologies, Oxford, CT).
Ex vivo microscopy
Each flow chamber was flushed with heparin in saline (10 U/ml) and rinsed with saline. For low wall shear stress, chambers with two PE50 tubes were connected to PE10 carotid artery and jugular vein cannulas (Fig. 1A) . Figure  1B shows a photograph of a 20-mm long flow chamber with two PE50 tubes inserted into each end. One PE50 tube on each end is connected in series to a PE10 tube denoted by arrows. For high wall shear stress, PE100 tubes were connected to PE50 carotid artery and jugular vein cannulas. The tight fit of PE10 inside PE50 or PE50 inside PE100 did not require the use of epoxy resin, allowing multiple flow chambers to be used per mouse. The second set of PE50 tubes for either chamber assembly was used for infusion of antibodies and for measurement of pressure drop across the flow chamber. The pressuretransducer-baseline was determined at the beginning and end of each experiment, and the carotid artery cannula was clamped shut, and pressure-drop measurements were not included if the baseline drifted by more than 10% during the course of the 10-min experiment. Differential WBC counts were measured before and after each flow-chamber perfusion period from 30 l whole blood drawn from the carotid artery cannula using the Hemovet 850.
Microscopic observations were made on a Zeiss intravital microscope (Axioskop, Carl Zeiss, Inc., Thornwood, NY) with a saline immersion objective (SW 20/0.5 or SW 40/0.75) visualized using stroboscopic flash (Strobex 236, Chadwick Helmuth, Mountain View, CA) epi-illumination to limit light-dye damage to the cells. Flow chambers were superfused with 37°C water to limit temperature changes in the extracorporeal circuit. Recordings were made through a charged-coupled device camera (model VE-1000CD, Dage-MTI, Michigan City, IN) on a Panasonic S-VHS recorder. The microscope field of view (FOV) was consistently placed over the central axis of the flow chamber 1 cm downstream from the inlet to limit the impact of leukocyte interaction variability along the length and width of the flow chamber [38] .
Pressure and flow
Mean wall shear stress, w , was estimated from the overall pressure drop, ⌬P, along the length of a flow channel, L, necessary to drive flow an average velocity U . Wall shear stress is considered a mean value, as it deviates around the wetted perimeter of the channel cross-section, p, with a minimum in the channel corners. The relationship between ⌬P and w requires that the entrance length, L e , be much smaller than L. The entrance length in laminar flow was estimated using:
where D h is the hydraulic diameter, and Re D h is the Reynolds number calculated using the hydraulic diameter as the characteristic length [39] . These quantities are calculated using:
where A is the cross-sectional area of the chamber equal to width, w, times height, h, and v is kinematic viscosity. Using a control volume analysis of the flow chamber containing fluid with density , rearrangement and integration of a sum of forces on the control volume over the length of the flow chamber yield [40] :
Equation (3) does not assume that the fluid is Newtonian, but it does invoke the continuum approximation. The continuum approximation is appropriate for physiological hematocrits flowing through glass capillaries as small as 20 m in diameter [41] , well below the hydraulic diameter of 360 m for the glass capillaries used here. A more detailed analysis was used to determine mean velocity and volume flow rate through the channel, Q, to verify that L e ϽϽ L. The Fanning friction factor, f, is customarily defined as the ratio of friction to inertia forces:
For a rectangular cross-section with h/w ϭ 0.1, f equals 21.17/Re D h . The relationship between volume flow rate and average velocity, Q ϭ U A, and rearrangement of equations (4) and (5) yield:
wh.
The Womersley number, Wo, was used to determine if unsteady effects, as a result of pulsatility of flow from the carotid artery, limit the use of an average wall shear-stress value in the flow chamber. For pulsating flow in pipes with a frequency of applied pressure gradient n, the dimensionless Womersley number is:
For Wo values less than unity, flow is quasi-steady, and an average wall shear stress over time is acceptable [42, 43] . Flow is considered quasi-steady if the instantaneous velocity profile corresponds to what would be expected for the instantaneous pressure-gradient driving flow.
Data analysis
A MicroMotion DC30 video compression card (Pinnacle Systems, Mountain View, CA) was used to digitize video recordings from a JVC HR-53600U VHS recorder into a Macintosh computer (Adobe Premiere software). Digitized video clips were analyzed with the public domain NIH Image program (http:// rsb.info.nih.gov/nih-image/). All analysis was performed using custom-written macros similar to ones described previously [44] . Rolling velocities of GFPexpressing neutrophils were calculated by measuring the distance that cells rolled during a 1-or 2-s time interval for cells translating greater than or less than 100 m/s, respectively. Ten leukocytes were measured per FOV for at least four independent experiments in each group. Rolling flux, Ḟ , was determined from the number of rolling cells per FOV (570ϫ420 m surface area), R, and the harmonic mean of the rolling velocity measurements, V , according to
where l FOV is the width of the FOV (570 m), assuming the camera is aligned for cells to roll horizontally across the video screen. Data were expressed as mean Ϯ SEM and compared by two-tailed t-test with P ϭ 0.05.
RESULTS
Calibration
To determine wall shear stress in the autoperfused flow chamber, a differential pressure transducer was calibrated using a water-filled manometer. Pressure head was manipulated in the manometer using an air-filled syringe and a three-way stopcock through a range of 0 -4 cm H 2 O, and pressure-transducer output, in mA, was plotted as a function of pressure head ( Fig.  2A) . The slope of a line fit to the data and forced through the origin was used in all subsequent experiments to convert pressure-transducer output to pressure drop [output (mA)ϭ 1.86ϫpressure drop (cmH 2 O), R 2 ϭ0.998]. To further validate the calibration curve in the presence of flow, the pressure transducer was used to predict the known volume flow rate of a Newtonian fluid perfused through the flow chamber with a syringe pump. Predicted pressure drop was calculated using the dimensions of the flow chamber and fluid properties of saline using equation (5) . Three flow chambers of lengths 1.3, 3.2, and 3.6 cm were perfused with 0.025-0.5 ml/min (nϭ2 for each flow chamber). Measured pressure drop, using the calibration curve from Figure 2A , is shown versus predicted pressure drop calculated with equation (5) in Figure  2B (R 2 ϭ0.988). For a given volume flow rate, pressure drop scales linearly with flow chamber length, and hence, chamber length is an important parameter in the determination of wall shear stress through the chamber.
Calibration was extended to pressure drop as a result of perfusion of mouse plasma or whole blood through the flow chamber. Heparinized whole mouse blood with hematocrits (Fig. 2C) . For a given volume flow rate and flow chamber length, whole mouse blood consistently resulted in an ϳ2.5-fold increase in pressure drop over mouse plasma. Wall shear stress was computed from the measured pressure drop using equation (3) and plotted versus volume flow rate for one representative flow chamber of length 2.1 cm and hematocrit 40% (Fig. 2D) . Wall shear stress is linearly dependent on pressure drop, and whole mouse blood again resulted in an ϳ2.5-fold increase in wall shear stress over plasma at constant volume flow rate and flow chamber length.
Ex vivo microscopy
GFP-positive leukocytes were seen moving in close proximity to the upper wall of autoperfused flow chambers without coated adhesion molecules. To assess the impact of pulsatility associated with blood flow in the carotid artery, leukocyte displacements were tracked frame by frame using the low wall shearstress tubing combination (PE10/50) to determine instantaneous velocities as a function of time and used as an indirect indicator of pulsatility. Figure 3A shows tracings of three leukocytes tracked in flow chambers from different mice. From a pool of 10 mice, the two tracked cells with the most extreme pulsatility, the largest difference between the maximum and minimum velocities, are shown (‚ and ࡗ). The third leukocyte shows a typical velocity tracing with a range of 720 -880 m/s. All leukocyte tracings were consistent with a heart rate of ϳ200 beats/min.
Wall shear stress was calculated in autoperfused flow chambers with low (PE10/50) or high (PE50/100) wall shear-stress tubing combinations using pressure drop and equation (3) . Figure 3B shows the mean and SEM for six representative flow chambers in four different mice and six representative flow chambers in five different mice using the low or high wall shear-stress tubing, respectively, during the course of a 10-min Comparison of directly measured pressure difference (⌬P; ordinate) and predicted pressure difference, in cm H 2 O, estimated from a known volume flow rate set on a syringe pump and equation (7) for saline (B). Flow chambers with lengths of 1.3 (ࡗ), 3.2 (‚), and 3.6 cm (⅜) perfused with mouse blood at volume flow rates ranging from 0.025 to 0.5 ml/min (nϭ2 for each flow chamber). Measured pressure difference (ordinate; C) and wall shear stress (ordinate; D) as a function of volume flow rate for whole mouse blood (e; hematocrit, 34 -40%, nϭ3 animals in three flow chambers) and plasma (⅜; nϭ3 flow chambers) for volume flow rates from 0.025 to 0.3 ml/min. Figure 3B to illustrate the behavior within individual flow chambers during an experiment. Of note, this wall shear stress is determined experimentally without having to make assumptions about blood viscosity. Table 1 provides details for pressure drop per unit length of chamber (⌬P/L), w , Q, Re D h , L e , and Wo for the mean, minimum, and maximum wall shear-stress values from 22 low and eight high wall shear-stress regime flow chambers. An increase in the ID of the carotid artery and jugular vein cannulas from 0.28 to 0.58 mm reduced pressure drop in the tubing and greatly increased pressure drop in the flow chamber. Flow through the chamber was laminar and quasi-steady, as reflected by Re D h , which was less than three, and the Womersley number, which was ϳ0.5. Based on these measurements, unsteady effects as a result of pulsatility of flow from the carotid artery do not limit the use of an average wall shearstress value in the flow chamber, and the entrance length only accounts for less than 0.3% of the total length of the flow chamber.
GFP neutrophils in whole blood were tested for their ability to interact specifically with P-selectin/Fc using the PE10/50 tubing combination. Flow chambers were coated with P-selectin/Fc for 2 h at room temperature (150 ng/ml), followed by a 1-h block at room temperature with Tween 20 (0.5% in PBS) and a rinse with heparin in saline (10 U/ml). GFP-positive neutrophils were seen rolling on the upper wall of the flow chamber (Fig. 4A) . Infusion of anti-mouse P-selectin mAb Rb40.34 but not anti-mouse E-selectin mAb 9A9 through the second upstream PE50 tube completely abrogated this rolling (nϭ3; Fig. 4B ). The mAb infusion rate was set on a syringe pump at 0.01 ml/min, ϳ25% of the volume flow rate of whole blood through the chamber (see above). No rolling or nonspecific adhesion was seen in flow chambers that were blocked with Tween 20 in the absence of a selectin (Fig. 4C) .
To assess the impact of the extracorporeal circuit on systemic leukocyte counts, three flow chambers were autoperfused for 10 min each (total of 30 min autoperfusion) in four mice, and blood samples were taken before and after each perfusion period for the analysis of peripheral neutrophil and monocyte counts. Figure 5 illustrates that neither neutrophil nor monocyte counts changed after each of three consecutive flow chambers from the control sample taken before autoperfusion. Neutrophil and monocyte counts averaged 312 Ϯ 20 cells/l and 182 Ϯ 19 cells/l in whole blood, respectively.
Fig. 4.
Photomicrographs showing flow chambers perfused from Lys-GFP-transgenic mice coated with recombinant mouse P-selectin/Fc (150 ng/ml) and blocked with Tween 20 before (A) and after infusion of anti-mouse P-selectin mAb RB40 (B). Flow chamber with no P-selectin and blocked with Tween 20 only (C). FOV height and width, 420 ϫ 570 m. Note that stroboscopic epi-illumination produces multiple images of the same cell in a field, creating the appearance of strings, but this is an imaging artifact and not related to strings caused by secondary capture [45, 46] . Flow from left to right. Pressure drop per unit length, wall shear stress, volume flow rate, Reynolds number, entrance length, and Womersley number in 0.2 ϫ 2 mm flow chambers perfused from mice through PE10/50 or PE50/100 tubing. GFP-neutrophil rolling interactions were quantified on mouse P-selectin/Fc or E-selectin/Fc at low (50 ng/ml coating concentration), intermediate (150 ng/ml), and high (600 ng/ml) site densities at multiple time-points after the initiation of autoperfusion. These experiments were performed using the low wall shear-stress tubing combination with flow chambers between 2 and 3 cm in length. Mean wall shear stress for all 22 flow chambers used to acquire data for Figure 6 was 1.41 Ϯ 0.03 dyn/cm 2 , resulting in a mean pressure drop of 0.36 Ϯ 0.015 cm H 2 O. GFP neutrophils accumulated in a time-dependent manner on P-selectin/Fc with an increase in the number of rolling cells per FOV (Fig. 6A ) and a decrease in rolling velocity with increasing coating concentration (Fig. 6B) . GFP neutrophils did not interact with low-density E-selectin/Fc, but cells interacted (Fig. 6C ) and rolled at a consistently lowrolling velocity (4.0Ϯ1 m/s; Fig. 6D ) on the intermediate coating concentration. On the high coating concentration, cells became firmly adherent directly without rolling (Fig. 6, C and  D) . This appeared to be only a selectin site-density effect, -1 (ICAM-1) , and interleukin-8 [37] . Despite a fourfold increase in E-selectincoating concentration, GFP-neutrophil accumulation was only slightly increased above intermediate E-selectin, and this increase was only statistically significant at the latest time-point (Fig. 6C) .
To test the hypothesis that P-selectin serves as a tethering molecule for neutrophils allowing slow rolling mediated through E-selectin, GFP-neutrophil interactions were quantified on coimmobilized, low-coating concentration P-selectin/Fc and intermediate-coating concentration E-selectin/Fc. Although low-density P-selectin/Fc only supported 2.7 Ϯ 1.7 rolling cells per FOV, and intermediate-density E-selectin/Fc supported 7.8 Ϯ 3.8 rolling cells per FOV at the latest time point, the coimmobilization of both selectins greatly enhanced tethering to 26.3 Ϯ 2.5 rolling cells per FOV (Fig. 6E) . The rolling velocity on both selectins, 5.1 Ϯ 1.3 m/s was similar to the rolling velocity on E-selectin/Fc alone (Fig. 6F) .
To clearly illustrate the contribution of coimmobilized selectins, rolling flux quantities were calculated using equation (7) for low-and intermediate-density P-selectin, intermediatedensity E-selectin, and coimmobilized E-and P-selectins (Fig.  7A) for the latest time-point in each group (ϳ8 min after clamp removal). Low-and intermediate-density P-selectin supports a significantly higher rolling flux (16Ϯ5 and 35Ϯ6.7 min -1 , respectively) than intermediate E-selectin (4.8Ϯ1.2 min -1 ). Rolling flux on coimmobilized intermediate E-and low P-selectins was intermediate (10.6Ϯ3 min -1 ), although not statistically different from low P-selectin alone. These data show that with coimmobilized selectins, P-selectin provides sufficient tethering capacity to allow a high number of rolling cells per FOV, and E-selectin is responsible for a low rolling velocity. These two effects lead to a dramatic increase in the number of rolling cells per FOV in the chambers where E-and P-selectins were coimmobilized compared with chambers with immobilized low P-or intermediate E-selectin alone (Fig. 7B) . The rolling velocity on intermediate E-selectin (4.8Ϯ1.2 m/s) was significantly lower than on low P-selectin (52Ϯ5 m/s) but was similar to the rolling velocity on coimmobilized selectins (5.1Ϯ1.3 m/s; Fig. 6, B, D, and F, respectively) .
DISCUSSION
This study introduces a novel, autoperfused micro-flow chamber system, which can be used to observe murine leukocyte rolling and adhesion in whole blood ex vivo. This is made possible by interconnecting a rectangular glass capillary to an autoperfused, extracorporal arterio-venous circuit. To measure wall shear stress, a pressure-transducer unit was integrated into the circuit. This approach requires no assumptions about the viscosity of blood, which is a complicated function of hematocrit, vessel size, and shear rate [47] . Two different tubing combinations were presented, allowing experimentation at low (ϳ1.5 dyn/cm 2 ) or high (ϳ10 dyn/cm 2 ) wall shear stress. The system is easy to set up and offers several advantages over already-existing and commercially available flow-chamber systems. Most prominently, this micro-flow chamber dramatically reduces the amount of cells necessary to conduct an experiment by decreasing the dead space and recirculating blood back into the mouse. There is no need for leukocyte isolation that may lead to considerable, functional changes concerning the adhesive behavior of leukocytes [21] [22] [23] .
Rheological evaluation of the system revealed stable flow conditions throughout the observation period with tolerable changes in blood-flow velocity and wall shear stress. Analysis of blood-flow velocity over time showed evidence of some pulsatility, which is present physiologically in arteries and veins [47] . The majority of the arterial-venous pressure drop in this system occurs in the PE10 or PE50 tubing. This tubing is typically 30 -40 cm in length (15-20 cm for each of the jugular vein and carotid artery cannulas). With an ID of 0.28 or 0.58 mm and noting that resistance to flow is approximately proportional to diameter to the fourth power, it is not surprising that the vast majority of pressure drop occurs in the cannula tubing, as the flow chamber is only 2-3 cm in length, and its hydraulic diameter is 0.36 mm.
Compared with conventional flow chambers, where cell suspensions are perfused through the chamber and then discarded, the autoperfused flow chamber system enables leukocytes and other blood constituents to recirculate. This may result in the release of activated leukocytes and proinflammatory cytokines into the systemic circulation. We did not note a change in systemic neutrophil or monocyte numbers throughout our experiments, which rules out significant pulmonary sequestration of leukocytes in the lungs (see Fig. 5 ). Also, flow chambers were used for no more than 10 min, and not more than four flow chambers were used per mouse. Although the majority of blood monocytes are GFP ϩ (ϳ65%), it is likely that the majority of rolling GFP ϩ leukocytes are neutrophils, which greatly outnumber monocytes in peripheral blood. In addition, a study by Reinhardt and Kubes [48] showed that P-selectin preferentially recruits neutrophils over monocytes, and E-selectin recruits each leukocyte subset equally well.
To functionally validate the flow chamber system for leukocyte rolling and adhesion studies, we performed experiments with P-and E-selectins immobilized on the inner surface of the glass capillary. The results show that GFP-expressing neutrophils interact with immobilized P-or E-selectin in a specific manner with rolling velocities comparable with in vivo measurements [27] .
These data confirm that E-selectin is a poor tethering molecule, as has been suggested by intravital microscopy experiments in mice, which lack P-and L-selectins [27, 28] . Leukocyte rolling flux and interaction density on E-selectin were significantly lower or similar, respectively, than on P-selectin coated at threefold-lower concentration (Fig. 7, A and B) . In addition, increasing E-selectin-coating concentration fourfold only marginally increased the number of interacting cells per FOV, and this increase was only statistically significant at the latest time point (Fig. 6C) . However, E-selectin mediates slow rolling even when coated at low concentrations, yielding site densities that are unable to support significant tethering. Although intermediate E-selectin/Fc supported a lower rolling flux than low P-selectin/Fc, the density of rolling cells per unit surface area was similar, caused by the lower rolling velocity [49 -51] . Although we cannot exclude hydrodynamic or L-selectin-mediated secondary capture or tethering, we did not observe strings of cells typical of secondary capture [45, 46, 52] . Stroboscopic epi-illumination produces multiple images of the same cell in a field, creating the appearance of strings, but this is an imaging artifact and not related to strings caused by secondary capture.
The most interesting finding of the present study is that Pand E-selectins have a synergistic effect on neutrophil accumulation. By coimmobilizing low-density P-selectin with intermediate-density E-selectin, rolling flux was similar to low P-selectin alone, but rolling velocity was similar to intermediate E-selectin alone, and interaction density was similar to intermediate P-selectin alone. This suggests that P-selectin tethers cells from free-flow, and E-selectin regulates a low rolling velocity. Together, E-and P-selectins synergize to dramatically increase the surface density of rolling cells. The number of interacting cells per FOV was dramatically increased on coimmobilized low P-and intermediate E-selectins above either selectin alone (Fig. 7B) . Adding E-selectin reduces rolling velocity by Ͼ90% and enhances accumulation by more than sixfold compared with P-selectin alone. This increase was synergistic, as the number of interacting cells on coimmobilized selectins was more than twice the sum of E-and P-selectins immobilized alone. Some synergistic effects were found when P-selectin was coimmobilized with ICAM-1 [37] , but the effect was modest, reducing rolling velocity by only 30%. Although the overlapping function of E-and P-selectins has been known for almost a decade [31, 32] , the present study is the first demonstration of a synergistic interaction.
